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EpidermisThe hair follicle (HF) and the sebaceous gland (SG) constitute the two integral parts of the pilosebaceous unit
and signiﬁcantly contribute to the barrier function of mammalian skin. Considerable progress has been made
in our understanding how HF formation is regulated. However, the development of the SG is poorly under-
stood, both at the molecular and cellular level. Here, we investigate the process of SG morphogenesis and
the dynamics of its cellular organisation in more detail. The spatial and temporal organisation of distinct
stem and progenitor compartments was analysed during morphogenesis of the pilosebaceous unit in
mouse tail epidermis. Our experiments reveal a dynamic expression pattern for diverse HF stem cell marker
molecules including Sox9 and Lrig1. Surprisingly, Sox9 and Lrig1 are initially coexpressed by epidermal pro-
genitor cells and are conﬁned to different regions within the pilosebaceous unit when the speciﬁcation of the
sebocyte cell lineage takes place. We demonstrate that SG development at the distal part of the HF is driven
by asymmetric cell fate decision of Lrig1 positive stem cells, whereas MTS24/Plet1 positive precursor cells
seem not to play a role in this process. Importantly, our data clearly show that distinct stem and progenitor
compartments are established at different time points of development. By studying the process of SG mor-
phogenesis more precisely, we discovered that the two prominent SGs attached to one tail HF originate
from one small cluster of sebocyte cells. Finally, we show regional speciﬁcity for HF patterning and spatio-
temporal control of the underlying molecular signals initiating the development of the pilosebaceous unit.
© 2012 Elsevier Inc. All rights reservedIntroduction
The development of mammalian skin requires a tight balance
between proliferation and differentiation governed by intricate sig-
nalling networks. The epidermis comprises many types of differenti-
ated cells generating the stratiﬁed epithelium of the interfollicular
epidermis (IFE) and its appendages including hair follicles (HFs),
sweat glands and sebaceous glands (SGs). Consequently, a precise
temporal and spatial control of epithelial and mesodermal signals is
essential for accurate patterning and formation of different structures
and cell types during epidermal development (Blanpain and Fuchs,
2006; Niemann and Watt, 2002).
The pilosebaceous unit of mammalian skin consisting of the HF
and its associated SG is formed during late embryogenesis and early
postnatal stages. Clearly, the basic mechanisms of HF development
and their structural appearance are common to all HFs. However,
there are many different types of HFs generated by a single mamma-
lian organism. Speciﬁcally, murine pelage consists of four different
hair types that are formed at different time points during embryonic
and perinatal development. Pelage HFs are found in a regular pattern
with precise spacing between the large primary follicles and smaller
secondary HFs (Duverger and Morasso, 2009). The formation of thene Cologne (CMMC), University
many. Fax:+49 221 47886737.
n).
rights reservedprimary HFs (tylotrich, guard hair) starts around E14 and is followed
by two successive waves of induction of secondary HFs that include
awl, auchene and zig-zag hairs. Awl hairs start to develop in one
wave at E16-E17. The last wave of HF induction at E18 to P1 produces
the undercoat and the most abundant hair type, the zig-zag hair. The
formation of the auchene type of hair, which is present at a very low
frequency and which is similar to awl hairs, is not well understood
yet. In addition to the four pelage hair types, several specialised
hairs, such as tail hair and vibrissae are generated (Duverger and
Morasso, 2009; Schmidt-Ullrich and Paus, 2005).
Based on several basic morphological criteria, the process of for-
mation of the pilosebaceous unit can be classiﬁed into various distinct
stages (Millar, 2002; Paus et al., 1999). The development of the pilo-
sebaceous unit starts with the thickening of the epidermis and pla-
code formation (stage 1) and is followed by further proliferation of
epithelial placode cells forming the hair germ (stage 2). At the hair
peg stage (stage 3), multiple layers of keratinocytes emerge that con-
centrically arrange around a follicular axis. In addition, dermal ﬁbro-
blasts form the rounded dermal papillae (DP) adjacent to the basal
tip of the developing follicle and the DP elongates and becomes
enclosed by epidermal cells at stage 4. First sebocytes of the future
SG are detected at the distal part of the HF epithelium at the bulbous
peg stage (stage 5) and an elongation of the differentiating inner root
sheath (IRS) is seen in the lower half of the follicle. At stage 6, the
sebocytes start to form a glandular structure; however the cellular
process of SG formation is not understood yet. Furthermore, a
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hair canal is visible containing a hair shaft. Subsequently, the tip of
the hair shaft leaves the IRS at stage 7. Finally, the HF reaches the
maximal length and a prominent hair shaft emerges on top of the
IFE at stage 8 of HF morphogenesis (Paus et al., 1999).
The analysis of an increasing number of mouse mutants, where ge-
netically engineered knockout or overexpression of a particular gene
product is associated with defects in hair follicle development, has tre-
mendously helped to decipher some of themolecularmechanisms gov-
erning epidermal patterning, hair type speciﬁcation and hair follicle
morphogenesis (Schmidt-Ullrich and Paus, 2005). These studies
revealed that a complex network of molecular interactions between
epidermis and dermis is driving HF induction and morphogenesis
(Millar, 2002). In particular, many key regulatory molecules like Wnts,
hedgehog ligands, members of the TGF/BMP and FGF families, homeo-
box proteins and even TNF family members are crucial for the develop-
ment of the pilosebaceous unit (Schmidt-Ullrich and Paus, 2005).
Althoughmouse pelage is not the perfect model for studying all aspects
of human HF biology and epidermal physiology, the molecular signals
controlling basic mechanisms of HF morphogenesis seem to be con-
served among human and mouse (Holbrook et al., 1993).
The pilosebaceous unit of mammalian epidermis is constantly
renewed throughout adult life by populations of long-lived stem
cells (Blanpain and Fuchs, 2009). Recently, multiple stem and progen-
itor cell compartments have been identiﬁed. They are distributed
along the HF structure and contribute to the cyclic regeneration of
the HF and to the continuous renewal of the SGs (Jaks et al., 2010).
Consequently, epidermal morphogenesis requires the establishment
of these stem and progenitor cell pools at distinct locations. First evi-
dence for an early speciﬁcation of stem cell population during early
stages of HF development came from studies analysing the distribu-
tion of precursor cells expressing Sox9 (Nowak et al., 2008). In adult
skin, Sox9 constitutes a reliable marker for the HF bulge, the so far
best characterised stem cell compartment of the HF (Cotsarelis,
2006). Stem cells of the HF bulge have been distinguished by several
markers including Keratin 15, CD34, NFATc1, Lhx2, Tcf3 and expres-
sion of high levels of α6 integrin (Blanpain et al., 2004; Horsley et
al., 2008; Merrill et al., 2001; Morris et al., 2004; Rhee et al., 2006;
Trempus et al., 2003; Vidal et al., 2005). The HF bulge seems to be a
heterogeneous stem cell compartment (Petersson et al., 2011) and a
distinct stem cell population localising to the lower bulge and the
hair germ has been identiﬁed to express Lgr5 (Jaks et al., 2008).
In addition, stem and progenitor cells residing above the HF bulge
have been characterised. The upper region adjacent to the HF bulge is
positive for Lgr6 and the contribution of these Lgr6 positive keratino-
cytes to the regeneration of the SG and the IFE has been reported
(Snippert et al., 2010). One cell population which is distinguished
by expression of Plet1 (MTS24 antigen) is located at the upper isth-
mus and is highly clonogenic in vitro (Nijhof et al., 2006). Further-
more, the transmembrane protein Lrig1 labelled a multipotent stem
cell compartment in the junctional zone localised adjacent to the SG
between the upper isthmus and the IFE. Interestingly, these stem
cells of the junctional zone have been suggested to be bipotent and
to replenish the IFE and SG, but not the HF lineages (Jensen et al.,
2009).
One important question that has not been adequately addressed
is: When are these different stem cell compartments generated?
Furthermore, it is not known if only specialised progenitor cells give
rise to adult stem cell pools or if the potential to generate tissue
stem cells is innate to all basal keratinocytes during development.
In contrast to the process of HF morphogenesis, the cellular and
molecular mechanisms that control the various morphogenetic
events during early SG organogenesis are still largely unknown. Like
the IFE and HF, the SG fulﬁls different functions to ensure barrier ac-
quisition, tissue integrity and hydration of the skin (Niemann, 2009;
Schneider and Paus, 2010). In particular, the SG is important for hairﬁbre sheath dissociation and in the absence of a functional SG the
HF is destroyed. This underscores the importance of the SG to follicu-
lar biology and scarring alopecias, which characteristically begin with
sebaceous gland ablation (Sundberg et al., 2000).
In adult skin, different progenitor cells residing at the periphery of
the SG have been shown to be committed to maintain the SG on a cel-
lular level (Ghazizadeh and Taichmann, 2001; Horsley et al., 2006;
Jensen et al., 2009). More recently, we have demonstrated that stem
cells of the HF bulge are mobilised to renew the SG. Importantly,
bulge-derived progeny transits different stem and progenitor cell
compartment before repopulating the gland (Petersson et al., 2011).
However, it is not clear, which cells give rise to the SG and if multiple
precursor cells feed into the SG lineage. Furthermore, the cellular and
molecular mechanisms of sebocyte cell speciﬁcation during morpho-
genesis of the pilosebacous unit have not been determined.
Here, we investigate the spatio-temporal control of formation of
distinct stem cell pools during HF development and the process of
SG morphogenesis in mouse tail epidermis in great detail. We test
the hypothesis that HF progenitor cells give rise to differentiated
sebocytes. Importantly, we identify the Lrig1 expressing compart-
ment as sebocyte precursor cells that feed new differentiating sebo-
cytes into the developing SG.
Material and methods
Experimental mice
Experimental procedures were performed using C57Bl/6 mice
according to institutional guidelines and animal licence given by the
State Ofﬁce North Rhine-Westphalia, Germany.
BrdU/EdU-labelling
To perform short-term proliferation analysis, one single pulse of
BrdU (100 mg/kg bodyweight) was administered 1 h before sacriﬁc-
ing the animals. For EdU-labelling, EdU (40 mg/kg bodyweight) was
given to newborn mice 1 h or 48 h before harvesting the tissue. EdU
incorporation was analysed using the Click-it EdU kit following man-
ufacturer's instructions (Invitrogen, Germany).
Tissue and whole-mount preparation
To harvest skin samples, mice were sacriﬁced between E15.5 and
P2 depending on the type of experiment. For preparation of parafﬁn
embedded pieces of mouse tail skin, the sample was incubated for
2 h in 4% Formalin/PBS before further processing. Epidermal whole-
mounts from tail skin were prepared as described before (Braun et
al., 2003). Brieﬂy, the skin was isolated and incubated for 1 h in
5 mM EDTA at 37 °C to allow separation of the epidermis from the un-
derlying dermis. For ﬁxation, the epidermis was incubated for 1 h in
3.4% Formaldehyde in PBS.
Immunoﬂuorescence
Immunoﬂuorescence stainings of epidermal tail whole-mounts
were performed as described previously (Braun et al., 2003). Primary
antibodies were incubated at the appropriate dilution (K14, rabbit,
Covance, 1:3000; P-Cadherin, goat, R&D Systems, 1:250; Scd1, goat,
Santa Cruz, 1:150; Scd1, rat, R&D Systems, 1:200; Lrig1, goat, R&D
Systems, 1:100; MTS24, rat, kind gift from Boyd, 1:50 (Gill et al.,
2002); Plet1, rat, kind gift from Sonnenberg, 1:3 (Raymond et al.,
2010); Sox9, rabbit, kind gift from Wegner, 1:2000 (Stolt et al.,
2003); Adipophilin, guinea pig, Fitzgerald Industries, 1:3000; BrdU,
rat, Oxford Biotech, 1:500) over night at room temperature. Frozen
tissue sections from K14NuMA-GFP mouse skin (Poulson and
Lechler, 2010) were ﬁxed with 2% PFA and blocked for 1 h before
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Lrig1 (goat, R&D Systems, 1:50), Scd1 (goat, Santa Cruz, 1:100) and
GFP (chicken, Abcam, 1:5000) over night. Secondary antibodies
coupled with Alexa-488, Alexa-594 and Cy5 ﬂuorescence dyes (Mo-
lecular probes and Jackson Immuno Research) were incubated for
3 h (whole-mount staining) or 30 min (cryo sections) at room tem-
perature. For nuclear staining, DAPI was used at a concentration of
1 μg/ml and incubated for 10–30 min at room temperature. Analyses
of immunoﬂuorescent signals were performed by confocal microsco-
py (Olympus IX81).
Histology
To analyse the histology of mouse skin epithelium, epidermal
whole-mounts and parafﬁn sections of tail epidermis were stained
with Haematoxylin and Eosin (H&E). To visualise the developing SG
on epidermal whole-mounts, the ﬁxed tissue was incubated 5 min in
60% isopropanol, washed for 5 min in PBS and incubated for 30 min
in 1% OilRedO in 60% isopropanol. After washing, sampleswere shortly
stained with haematoxylin and mounted with Mowiol. Images of skin
histology were captured using a Leica DM4000B microscope.
Results
Two types of HFs develop in two distinct waves in mouse tail skin
Recently, mouse tail skin has been explored as an excellent tool to
study the function of important regulators of morphogenesis, homeo-
stasis and integrity of the pilosebaceous unit in mammalian skinFig. 1.Morphogenesis of the pilosebaceous unit proceeds in two distinct waves in mouse tai
points of HF morphogenesis. Note appearance of sebocytes (arrow, D).F–J Alkaline phospha
condensate emerging underneath the outer follicles (arrow heads in H, I).K–O Epidermal w
follicles (arrow heads in L) and ﬁrst oil red O positive cell in the central follicle of the triplets
of morphogenesis. DP cells in blue and sebocytes are illustrated in red. Scale bars: 50 μm.(Braun et al., 2003). However, the process of tail follicle morphogene-
sis is not well understood yet. In order to investigate the process of HF
and SGmorphogenesis in mouse tail skin we analysed skin samples at
different time points of development. It has been shown previously
that a precise pattern of HFs is generated in three distinct waves dur-
ing embryogenesis in back skin inwhich placode formation of primary
guard hairs is initiated at E14.5 (Schmidt-Ullrich and Paus, 2005). In
tail skin however, epidermal placodes were ﬁrst observed at E16.5 of
development in sections and whole-mounts (Supplementary Fig.
1A). HFs in mouse tail skin are arranged in triplets (Schweizer and
Marks, 1977). Interestingly, our analysis revealed that new placodes
were forming adjacent to a “primary” central follicle thereby building
up the triplet (Fig. 1). Growth of these “secondary” outer follicles was
initiated when the central follicle had reached stage 3 of HF morpho-
genesis (Fig. 1L, Q). Throughout the process of HF morphogenesis
the two outer follicles were lagging behind the development of the
central follicle by two to three stages of HF formation (Fig. 1). The ini-
tiation of HF morphogenesis relies on instructive signals emanating
from a subpopulation of the underlying dermis, the dermal conden-
sate (Millar, 2002). Staining for the alkaline phosphatase (AP)
revealed that a dermal condensate is generated in close proximity to
the placode of the central follicle (Fig. 1F, G). Once the dermal conden-
sate has progressed into the DP that is surrounded by the epithelial HF
bulb cells of the primary central follicle, staining for the dermal con-
densate was also detected at the base of the two placodes forming ad-
jacent to the central follicle (Fig. 1H–J). Generation of triplets in tail
skin was analysed in more detail by counting central HFs and the ap-
pearance of “secondary”HF at both sides at P1 and P2 of development.
These statistical data demonstrate that always the same number of
central, left and right HFs was formed (Supplementary Fig. 1B).l skin.A–E Hematoxylin and Eosin (HE) staining of skin sections analysing different time
tase detects the dermal papillae cells at different stages of HF formation. Note dermal
hole-mounts stained with hematoxylin and oil red O. Note placode stage of the outer
(arrows in N).P–T Timeline of two waves of HF formation depicting the different stages
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non-tylotrich pelage HFs, HFs in tail skin are also developing at differ-
ent time points. To compare HF formation from different skin regions
precisely, we isolated epidermal whole-mounts from back and tail
skin at P1. Interestingly, development of HFs of the ventral site of
tail skin was delayed when compared to HFs of dorsal tail skin
(stage 4 versus stage 6) demonstrating that different stages of mor-
phogenesis of the pilosebaceous unit are seen at a distinct point of
skin development (Supplementary Fig. 1A). Guard hairs of back skin
and the central follicle of tail triplets exhibit differences in patterning
and spacing of individual HFs. The formation of primary guard hair in
back skin starts two days before the primary central follicle is induced
in tail epidermis (Supplementary Fig. 1A). Furthermore, guard hairs
of back skin displayed a pigmented hair shaft at P1 whereas such pig-
mentation was not seen in central HFs of tail skin. Additionally, SGs
were still smaller in skin samples of tail skin when compared to
back skin further demonstrating a delay in the morphogenesis of
the pilosebaceous unit in tail skin (Supplementary Fig. 1A). These
data clearly indicate that the spatial and temporal control of the mo-
lecular signalling network required for HF formation must be regulat-
ed differently in back and tail skin.
Two prominent SGs emerge from one cluster of sebocytes
Next we analysed the cellular process of SG formation in detail.
The ﬁrst mature sebocyte that stained positive for the lipid dye oil
red O was detected at the bulbous peg stage (stage 5) of HF morpho-
genesis in the distal HF epithelium in close proximity to the IFE
(Figs. 1N, 2A). This is in accordance to data analysing pelage HF that
also exhibit the ﬁrst sebocytes at this particular stage of HF morpho-
genesis (Paus et al., 1999). The fully developed pilosebaceous unit in
tail skin distinguishes itself by two prominent SGs associated with
each HF structure. Surprisingly, only one cluster of oil red O positive
sebocytes was seen at the bulbous peg stage (Fig. 2A). As soon as
the HF reaches stage 7 of development, the population of differentiat-
ed sebocytes starts to split thereby generating two small clusters of
sebocytes (Fig. 2B, E). Subsequently, each of the individual sebocyte
cluster develops into one SG (Fig. 2C, F) culminating in the formation
of large glands with prominent sebaceous ducts at developmental
stage 8 (Fig. 2C).Fig. 2. Chronology of SG morphogenesis in mouse tail epidermis.A–C Epidermal whole-moun
7 (B) and stage 8 (C) of morphogenesis. Note two prominent sebaceous gland ducts at stage
tainings of the developing SG. Note that two SGs emerge from one cell cluster positive forWe studied the process of SG formation in more detail by analysing
the expression of Scd1 (stearoyl CoA desaturase 1) and adipophilin,
molecules that previously have been associated with the lipid metabo-
lism of mature sebocytes (Miyazaki et al., 2001; Ostler et al., 2010). Ex-
pression of Scd1 was detected concomitant with the emergence of the
ﬁrst sebocyte in early stage 5 of HF formation (Fig. 2D). Adipophilin
could be detected in individual cells within a cluster of 4 or more sebo-
cytes and our data reveal that the expression of adipophilin is induced
slightly later than the expression of Scd1 (Fig. 2D, E; Supplementary
Fig. 2A, B). Furthermore, adipophilin is seen in only some of the Scd1
positive cells throughout SG morphogenesis indicating that either a
subpopulation of sebocytes produces adipophilin or adipophilin is
expressed by more mature sebaceous gland cells (Fig. 2D–F; Supple-
mentary Fig. 2B, C). To identify the ultimate fate of the HFs adjacent to
the central follicle, morphogenesis of the pilosebaceous units wasmon-
itored in tail skin at later time points. As expected, the delayed outer left
and right HFs progressed through all stages of morphogenesis and
formed normal SGs and hair (Supplementary Fig. 2D, E).
The dynamics of progenitor and stem cell compartments during
morphogenesis of the pilosebaceous unit
To address the question which cell compartment could give rise to
sebocytes, we investigated the establishment of various stem and pro-
genitor cell compartments in detail. Sox9 has been shown to be a robust
marker for a stem cell compartment localised to theHFbulge (Nowak et
al., 2008; Vidal et al., 2005). At the hair peg stage, a few Sox9 positive
cells were detected and localised just above the most proximal P-
Cadherin positive part of the growing HF (Fig. 3A). As HFmorphogene-
sis proceeds, a cluster of Sox9 positive keratinocytes is generated that is
subsequently separated from the P-Cadherin positive hair bulb cells
(Fig. 3B–E). Finally, the Sox9 positive cell compartment localises to the
future bulge stem cell compartment at stage 4 of HF morphogenesis
(Fig. 3D, E) just prior the ﬁrst sebocyte is generated (Fig. 3D). A similar
pattern of Sox9 expression has been reported for HF morphogenesis in
back skin (Nowak et al., 2008).
Recently, Lrig1 and the MTS24 antigen Plet1 have been shown to
mark stem and progenitor cells respectively, that can give rise to the
SG in adult skin (Jensen et al., 2009; Nijhof et al., 2006). Therefore, we
investigated if Lrig1 or Plet1 positive cells potentially could also givets stained with hematoxylin and oil red O analysing the central HF at stage 5 (A), stage
8 of HF morphogenesis (C, arrows).D–F Adipophilin (green) and Scd1 (red) immunos-
both marker molecules. Scale bars: 30 μm.
Fig. 3. Expression of marker molecules for distinct stem and progenitor cell compartments during HF morphogenesis.A–E Immunostaining of epidermal whole-mounts for Sox9
(green), P-Cadherin (Pcad, red) and Scd1 (blue) during morphogenesis of the pilosebaceous unit. Note that Scd1 positive sebocytes arise above the Sox9 stem cell compartment
(arrow heads in D, E).F–J Analysis of expression of keratin 14 (K14, red), Lrig1 (green) and Scd1 (blue) in epidermal whole-mounts revealed that Scd1 positive cells localise
next to the Lrig1 stem cell compartment (arrow heads in I, J).K–N Detection of stem cell marker Sox9 (green) and Lrig1 (red) demonstrate the dynamics of stem cell pools during
morphogenesis of the pilosebaceous unit. Initially, both markers are expressed within the same region of the developing HF (green and red arrow heads, stage 3, K and stage 4, L).
The Lrig1 compartment localised above the Sox9 positive cells later during development (green and red arrow heads in M, N). Nuclear counter stain with DAPI (blue).O–Q Temporal
analysis of expression of the MTS24 antigen (red, arrows) and Scd1 (green, arrow heads) demonstrates that ﬁrst sebocytes are detected before the establishment of the MTS24
progenitor compartment (P, Q). Scale bars: 100 μm.
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estingly, the Lrig1 positive cells overlap with the Sox9 positive cluster
during early HF morphogenesis (Fig. 3K, L). Moreover, both Sox9 and
Lrig1 were coexpressed by progenitor cells at developmental stage 3
and stage 4 (Supplementary Fig. 3A). At stage 5 of HF formation, the
Lrig1 positive cells are detected above the Sox9 compartment at the dis-
tal part of theHFwhere later sebocytes are going to emerge (Fig. 3I, J, M,
N; Supplementary Fig. 3B). In contrast, expression of theMTS24 antigen
Plet1 was ﬁrst detected following the initiation of the sebocyte cell lin-
eage during morphogenesis of the pilosebaceous unit (Fig. 3O–Q).
These data suggest that Lrig1 positive progenitor cells but not Plet1
expressing keratinocytes potentially could give rise to sebocytes during
the morphogenesis of the pilosebaceous unit.
Lrig1 positive precursor cells give rise to the SG by asymmetric cell fate
decision
Next, we investigated the potential role of the Lrig1 positive stem
cell compartment for the process of sebocyte cell speciﬁcation in
more detail. To this end, Z-stacks of confocal images taken atdifferent time points of SG morphogenesis were analysed (Fig. 4). In-
terestingly, the ﬁrst Scd1 positive sebocyte emerging at stage 5 of HF
morphogenesis was negative for Lrig1 but was surrounded by Lrig1
positive precursor cells (Fig. 4A). As the number of sebocytes in-
creases (2 Scd1 positive cells, Fig. 4B or a cluster of sebocytes in
Fig. 4C) this pattern of marker distribution did not change. Impor-
tantly, analysing the developing SG at a stage where one cluster of
Scd1 positive cells proceeds to the formation of two individual
glands, mature Lrig1 negative sebocytes are enclosed by Lrig1 posi-
tive precursor cells (Fig. 4C, D).
These results suggested that Scd1/adipophilin expressing sebo-
cytes are generated by asymmetric cell fate decision of Lrig1 positive
keratinocytes. To further address this issue we determined the orien-
tation of the mitotic spindles within dividing Lrig1 keratinocytes by
analysing K14NuMA-GFP mice (Poulson and Lechler, 2010). In these
mice, NuMA-GFP localises to the nucleus in the interphase and to
the spindle poles during mitosis of the cells. In principle, Lrig1 posi-
tive precursor cells could divide at least in two orientations: parallel
to the basement membrane to give rise to two basal Lrig1-positive
progenitor cells to increase the Lrig1 compartment or alternatively,
AB
C
D
Scd1 Lrig1 merge
1
merge
3 42
3
4
21
stage 5
stage 5
stage 7
stage 7
S
S
SG
SG
Fig. 4. Lrig1 positive HF stem cells give rise to the SG.A Immunostainings for Lrig1 (white) and Scd1 (magenta, arrow) detect a single sebocyte emerging next to the Lrig1 positive
cell compartment.B The two SCD1 positive sebocytes (arrows) are negative for Lrig1.C A cluster of sebocytes separated into two SCD1 positive cell pools that are surrounded by
Lrig1 positive progenitors.D The two emerging SGs are expanding on opposite sites of the HF and are enclosed by Lrig1 progenitor cells. Scale bar: 20 μm.
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sebocyte compartment. We tested these possibilities by investigating
171 tissue sections for the orientation of the mitotic spindles and per-
forming co-immunostainings of GFP, Lrig1, Scd1 and laminin for loca-
lisation of the basement membrane. Interestingly, the majority of
detected mitotic spindles in Lrig1 positive cells orientated perpendic-
ular (84%) with one spindle pole localising towards the Scd1 expres-
sing sebocytes and the other pole pointing towards the basement
membrane (Fig. 5A). In contrast, symmetric cell division of Lrig1
cells characterised by parallel mitotic spindles was a rare event
(16%) (Fig. 5A, B). Taken together, our data indicate that mature sebo-
cytes emerge from the Lrig1 stem cell compartment during
morphogenesis of the pilosebaceous unit (Fig. 5B).Proliferation of Lrig1 positive stem cells drives SG morphogenesis
To address the question where cell expansion takes place during
SG development we examined proliferation during morphogenesis
of the pilosebaceous unit in more detail. To this end, a BrdU pulse
was given for 1 h and incorporation was studied at different time
points of morphogenesis of the pilosebaceous unit. The overall pat-
tern of distribution of BrdU positive keratinocytes did not changebetween developmental stage 2 and stage 5 and revealed individual
proliferative cells along the developing HF (Supplementary Fig. 4A,
B). However, throughout the different stages of SG development
many Lrig1 positive progenitor cells were also positive for BrdU
(Fig. 6A). In contrast, Scd1 expressing sebocytes did not incorporate
BrdU and did not proliferate throughout the process of SG morpho-
genesis (Fig. 6A; Supplementary Fig. 4B). Instead, precursor cells
expressing Lrig1 that localise adjacent to differentiating sebocytes
underwent cell division (arrows in Fig. 6A). To determine if prolifera-
tion of Lrig1 progenitor cells indeed generates Scd1 expressing sebo-
cytes, short-term EdU pulse-chase experiments were performed and
EdU incorporation was monitored following labelling of the Lrig1
proliferative cell compartment. EdU was detected in Lrig1 and Scd1
positive cells at 48 h following EdU application indicating that divid-
ing Lrig1 progenitor cells gave rise to Scd1 expressing sebocytes
(Fig. 6B). Statistical analysis demonstrated that none of the Scd1 pos-
itive sebocytes did incorporate the BrdU or EdU label initially (1 h
pulse). In contrast, around 50% of the analysed HFs possess sebocytes
that are positive for Scd1 and the EdU label after 48 h tracing time
(Fig. 6C). Our results clearly show that Lrig1 positive precursor cells
drive SG morphogenesis by asymmetric cell fate decision thereby
generating a pool of differentiating sebocytes during morphogenesis
of the pilosebaceous unit (Fig. 7).
Lrig1NuMA
Scd1
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A
Fig. 5. Lrig1 progenitor cells generate sebocytes by asymmetric cell fate decision.A Skin tissue sections of K14NuMA-GFP mice were analysed for orientation of mitotic spindle poles
during SG morphogenesis. NuMA-GFP (green, arrows) was analysed together with laminin, Lrig1 and Scd1 (in red) to visualise the cell compartment and localisation within the
HF. Note that perpendicular spindle orientation (upper row, asymmetric cell fate) and to a lower extend parallel spindle orientation (lower row, symmetric cell fate) was detected
(arrows).B Scheme providing an overview of asymmetric and symmetric fate decision by Lrig1 positive progenitors during SG morphogenesis in mouse skin. Scale bars: 20 µm.
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In mammalian skin, the development of the pilosebaceous unit is
driven by complex interactions between the epidermis and theA
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Fig. 7.Model depicting stem cell dynamics during themorphogenesis of the pilosebaceous unit and the contribution of the Lrig1 positive cell compartment to the formation of the SG.
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the pattern and spatio-temporal organisation of HFs show regional
speciﬁcity and are different between back and tail skin. In particular,
formation of the primary guard hair in back skin starts two days be-
fore the central follicle is induced in tail epidermis. This implies that
interactions between activators and inhibitors which are responsible
for initiating and setting up a particular HF pattern are different be-
tween pelage and tail follicles. Furthermore, the array of the follicles
is different in tail skin when compared to the pattern of pelage hair.
These data demonstrate that the distribution of morphogenetic
signals must vary between the different body sites.
Our results provide novel insights into the process of development
of the SG that occurs in close association with the process of HF for-
mation. Importantly, the two prominent SGs that are characteristic
for the pilosebaceous unit in tail skin are emerging initially from
one cluster of very few sebocytes. The signals controlling the partition
of the sebocyte cell cluster, once a critical number of differentiating
cells is generated are not understood yet. Clearly, the shift of tension
and force within the developing follicle due to the emergence of the
hair shaft cannot be the main reason since some pelage HF produce
the hair shaft but contain only one SG. In the future, it would be inter-
esting to identify the underlying mechanism and cell intrinsic signal-
ling cues that are governing the formation of two SGs.
Our work clearly demonstrates that sebocytes emerge from Lrig1
positive precursor cells by asymmetric cell fate decision. Sebocytes
of the developing gland are enclosed by Lrig1 positive cells that are
highly proliferative. In contrast, differentiating Scd1 positive sebo-
cytes do not express Lrig1 and do not divide. This indicates that
Lrig1 marks precursor cells of the sebocyte lineage during morpho-
genesis and that cell type speciﬁcation into Scd1 expressing sebocytes
can take place after one round of cell division.
Interestingly, the distribution of the Lrig1 positive compartment is
quite dynamic during development of the pilosebaceous unit (Fig. 7).
Initially, the Lrig1 positive cells do also express Sox9, a marker for HF
stem cells (Nowak et al., 2008). Once the follicle reaches develop-
mental stage 3–4 of morphogenesis, the Sox9 and Lrig1 compart-
ments separate from each other. Sox9 expression is then clearly
conﬁned to the future HF stem cell bulge whereas Lrig1 positive
cells localise to the distal area of the follicle where mature sebocytes
are emerging later during morphogenesis. It is not clear yet why the
Lrig1 positive cells are ﬁrst seen in conjunction with future bulge
cells and which cellular mechanisms are responsible for the separa-
tion of the two stem cell compartments at later stages of develop-
ment. One can speculate that during morphogenesis both
compartments share common characteristics of simple progenitor
cells.
Our data reveal that the progenitor pool of Plet1 positive cells is
established after speciﬁcation of the sebocyte cell lineage took place.
This strongly suggests that the MTS24/Plet1 cell compartment isdispensable for initial steps of HF and SG morphogenesis but might
be important for maintaining the SG tissue later in life (Nijhof et al.,
2006).
Taken together, our results demonstrate that distinct stem and
progenitor compartments of mouse epidermis emerge at different
time points of development and are highly dynamic with respect to
their localisation within the pilosebaceous unit (Fig. 7). In the future
it will be important to unravel the underlying signalling mechanisms
controlling the establishment of stem cell pools. This might be of
great therapeutic value for the “reactivation” of stem cell characteris-
tics for organ regeneration following stem cell loss of injured or aged
tissues.
Supplementary materials related to this article can be found
online at doi:10.1016/j.ydbio.2011.12.028.
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